
1 © 2019 IOP Publishing Ltd  Printed in the UK

1.  Introduction

Organic–inorganic halide perovskites (OIHPs) have recently 
emerged as highly efficient and promising optoelectronic mat­
erials with potential applications in photovoltaics, light-emit­
ting diodes and low-threshold lasers [1–3]. The exceptional 
optoelectronic performance of OIHPs has been attributed to 
their high optical absorption coefficients, low exciton binding 
energies, long carrier lifetime and diffusion lengths. In par­
ticular, slow radiative recombination rates coupled with high 
fluorescent yield and wavelength tunability render OIHPs par­
ticularly attractive for photovoltaic and lasing applications.

The OIHPs are soft and polar, with large and long-
range electron–phonon coupling, leading to the formation 
of polarons. It has been proposed that dominant charge 

carriers in OIHPs are large polarons, formed by the interac­
tion between electrons (or holes) with longitudinal optical 
(LO) phonons [4, 5]. The formation of large polarons under­
pins some of the key characteristics of OIHPs, including (i) 
inverse power law temperature dependence of charge car­
rier mobility (µ ∝ T−3/2) [4, 6–8]—a signature of coherent 
transport scattered by longitudinal acoustic (LA) phonons, 
(ii) long carrier diffusion length and lifetime [4, 5, 9–12], 
and (iii) exceptionally low scattering rates for hot carriers 
[6, 13, 14]. In particular, the formation of large polarons pro­
vides scenarios in which the charge carriers are protected 
from scattering with charged defects, LO phonons and each 
other. It should be noted that the electron and hole polarons 
have been theoretically investigated in related ABO3 perovs­
kites [15, 16].
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In addition, the valence band structures of the halide per­
ovskites (e.g. MAPbBr3 [17, 18] and MAPbI3 [19]) have 
recently been measured by angle-resolved photoemission 
spectroscopy (ARPES), based on which one can estimate 
the effective mass of charge carriers. As the valence band 
maximum is most representative of the holes under low car­
rier concentrations, we can calculate the effective mass at the 
M-point of the Brillouin zone [17] in MAPbBr3 as m∗ ∼ 1.8 m  
(m is the mass of free electron). Following the classical theory 
of large polarons [20], one can also estimate [7] the effec­
tive mass m∗ ∼ 4 m of a large polaron in MAPbBr3 using its 
static (ε0 = 70) and optical dielectric constants (ε∞ = 6.5) 
[21]; this value is in the same order of magnitude as that esti­
mated from the ARPES experiments. In contrast, the effective 
mass of a free hole was estimated as m∗ ∼ 0.2 m from first-
principles band structure calculations [9, 22], which is much 
smaller than the ARPES value. Thus, the ARPES data sug­
gests that the dominant charge carriers in hybrid halide per­
ovskites are likely large polarons, as opposed to free carriers. 
It is also important to clarify that the large polaron model can 
indeed explain µ ∝ T−3/2 dependence by realizing that the 
residual interaction between the polaron and the optical pho­
nons is much weaker than the interaction between the polaron 
and the acoustic phonons [7]. The original Frohlich model 
failed to explain the temperature dependence [10, 12] because 
it ignored the interaction between the polaron and the acoustic 
phonons, which is important in OIHPs [4, 5, 7]. Although fur­
ther experiments are needed to ascertain the nature of charge 
carriers (large polarons versus free carriers), it’s reasonable 
to believe that large polarons play important roles in charge 
transport and charge recombination of the OIHPs. Finally, the 
existence of large polarons in OIHPs has also received support 
from density functional theory calculations [23].

Despite its conceptual importance, the large polaron pic­
ture has not been widely utilized to provide quantitative 
analysis of optoelectronic properties in OIHPs, with the 
exception of the work by Emin [24] and by Munson et al [25]. 
For instance, although the interaction energy between two 
oppositely charged large polarons—an electron polaron (EP) 
and a hole polaron (HP)—as a function of their distance has 
been worked out recently [24], it is not clear how would two 
large polarons recombine in OIHPs. In addition, there is no 
microscopic theory that can predict recombination dynamics 
of large polarons in relevant temperature range, i.e. 0–400 K 
(with the low temperature in laser and room temperature for 
photovoltaic applications). Note that the typical timescale for 
radiative charge recombination is 10−9 s in MAPbI3 [26]. The 
timescale for polaron formation, on the other hand, can be 
estimated by the vibrational frequencies of the LO phonons 
(e.g. Pb–I stretching and I–Pb–I bending modes) in MAPbI3, 
which are around 10−13–10−12 s [14]. Thus, the formation 
of large polarons proceeds much faster than their annihila­
tion, hence the study of their recombination is relevant in 
OIHPs. Additionally, in working conditions of solar cells, 
light-emitting diodes and lasers, light absorption and radiative 
recombination are not in equilibrium with each other. Thus 
the detailed balance does not apply and a strong absorption 
does not imply a slow recombination [27, 28]. It is amply 

clear that a fundamental theory on radiative recombination of 
large polarons is necessary and in fact, highly desirable for 
the future development of OIHPs. In this paper, we propose 
a theoretical model that elucidates the fundamental processes 
underlying the recombination of large polarons in OIHPs, and 
provides quantitative analysis of recombination dynamics. As 
the application of the theory, we estimate the monomolecular 
and bimolecular charge recombination rates as well as peak 
frequency of photoluminescence (PL) spectrum at different 
temperatures, all of which compare well to experimental 
results.

2.  Statistical weights of six pathways for radiative 
recombination

In an OIHP single crystal, the photo-generated carrier con­
centration (1013–1019 cm−3) is much larger than the concen­
tration of deep defect states (<1011 cm−3) [29, 30]. Thus, 
the majority of the photo-generated carriers exist as electron 
(hole) polarons, excitons, free electrons (holes), and shallow 
trapped carriers. There are six pathways contributing to the 
monomolecular and bimolecular recombinations: (i) two free 
mobile carriers; (ii) an electron–hole pair in an exciton; (iii) 
a free carrier and a large polaron; (iv) two large polarons; 
(v) one free mobile carrier and one trapped ‘free’ carrier; 
and (vi) a trapped ‘free’ carrier and a large polaron. Each 
pathway could contribute to the overall recombination with 
a statistical weight, denoted by p2f , pex, pPf , p2P, pft , pPt, 
respectively.
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Figure 1.  The percentage of polarons (open circle), excitons  
(filled circle) and free carriers (blue solid line) as a function of 
temperature T.

Figure 2.  Pictorial diagram of the pathways (i)–(iv). A single line 
arrow represents a collision between two particles and a double 
line arrow represents the formation of a mobile dying pair after the 
collision; a dashed line represents the annihilation of the mobile 
dying pair and the radiation of a photon with frequency �ωPL.
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Most trap centers in OIHPs are charged with a trapping 
energy between kBT  and 0.2 eV [31, 32] and thus are mainly 
responsible for radiative as opposed to non-radiative recombi­
nation. Here we will focus on these charged and moderately 
shallow trap centers. The pathways (i), (iii) and (iv) contribute 
to the bimolecular recombination while the pathways (ii), (v) 
and (vi) contribute to the monomolecular recombination.

Since radiative recombination is slower (>10−9 s) than 
the dissociation and formation of excitons (∼10−15 s) and 
polarons (∼10−12 s), we assume that the free carriers (elec­
trons or holes), excitons and polarons are in thermal equilib­
rium with each other at temperature T. Hence, the percentage 
of electrons (or holes) is pf = f 0

f + f 0
exe−Eex/kBT + f 0

P e−FP/kBT , 
where kB is Boltzmann constant; Eex is the exciton binding 
energy; FP(T) is the formation free energy of polaron 
[7], f 0

f = [1 + eEex/kBT + eFP/kBT ]−1, f 0
ex = eEex/kBT f 0

f , and 
f 0
P = eFP/kBT f 0

f . The percentage of excitons is given by 
pex = f 0

ex(1 − e−Eex/kBT) and the percentage of polarons is 
pP = f 0

P (1 − e−FP/kBT).
In MAPbI3, Eex ∼ 16 meV [33]. The formation free energy 

FP(T) of polaron has been calculated in [7] from the forma­
tion energy EP of polaron and change in entropy. In figure 1, 
we plot pf, pex and pP as a function of temperature. It is found 
that in the temperature range of 0–350 K, the percentage of 
polarons is larger than that of excitons and free carriers, and 
beyond 300 K, the percentage of the free carriers is slightly 
higher than that of the excitons.

The statistical weight of the four decay pathways (i)–
(iv) concerning the mobile dying pairs is: p2f = p2

f , pex, 
pPf = pfpP, and p2P = p2

P. Let Etra be the trap energy defined 
relative to the edge of the valence (conduction) band for 
the hole (electron) [32], then the probability that a carrier 
is trapped is 1 − e−Etra/kBT . Thus the statistical weight of 
the pathways (v) and (vi) involving the immobile pairs is 
pft = pf(1 − e−Etra/kBT), and pPt = pP(1 − e−Etra/kBT).

3.  Dying pair

Recombination probability of two oppositely charged car­
riers becomes significant only when there is overlap between 
their wave-functions. However, the typical radius of a large 
polaron in OIHP is a few nanometers [4, 5, 7], much greater 
than the overlapping distance of their wave-functions, 

therefore the electron and the hole must break free from 
the surrounding lattice distortion in order to recombine 
radiatively. The escape of the carriers can be facilitated 
by thermal activation and/or quantum tunneling. It is thus 
convenient to define a critical distance (L) below which the 
dominant physical process is annihilation of the charge car­
riers; other competing processes, such as (re)formation of 
polarons and excitons can be neglected. In the following, we 
name the charge carriers escaped from their surrounding lat­
tice distortion as ‘free’ carriers and the electron–hole pairs 
entering the critical distance as ‘dying pairs’. Importantly, 
there are only two types of dying pairs in our theory: type 
I consists of two mobile free carriers, referred to mobile 
pairs in the paper, and type II consists of one mobile and one 
trapped ‘free’ carrier, referred to immobile pairs. Each type 
is associated with a unique critical distance and the dying 
pairs of the same type are considered indistinguishable. In 
other words, all mobile (or immobile) dying pairs are iden­
tical, and their electron–hole distances are immaterial in the 
theory. However, the mobile and immobile pairs could have 
distinct critical distances.

Along the pathways (i)–(iv), the electron and hole are not 
trapped. Once a dying pair is formed, it is mobile. As shown 
schematically in figure 2, each recombination process consists 
of a collision, the formation of a mobile dying pair and the 
eventual radiative annihilation. Along the pathways (v) and 
(vi), one of the two carriers is trapped and the corresponding 
dying pair is thus immobile. The schematic picture of the 
pathways (v) and (vi) are shown in figure 3. Note that for any 
charge recombination, each pathway proceeds simultaneously 
and independently.

Along each pathway, the dying pairs of the same type 
would form and annihilate at certain rates. Thanks to these 
simplifications, we can reduce the original problem to the for­
mation of the dying pairs and their subsequent annihilation. 
Along each pathway, there is only one type of dying pairs. 
The recombination rate of each pathway is a product of the 
formation probability of the dying pair and its annihilation 
rate. By knowing the recombination rate and the statistical 
weight of each pathway, we can estimate the monomolecular 
and bimolecular charge recombination rates as well as the 
peak frequency of PL spectrum. Our microscopic theory is 
applicable to all ionic and polar semiconductors, in which pri­
mary charge carriers are large polarons. And once combined 

Figure 3.  Pictorial diagram of the pathways (v) and (vi). A single line arrow represents a collision between two particles and a double line 
arrow represents the formation of an immobile dying pair after the collision; a dashed line represents the annihilation of the immobile dying 
pair and the radiation of a photon with frequency �ωPL.
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with first-principles parameterization, the theory will also be 
predictive.

In the following, we provide an estimate of the critical 
distance—the most essential property of the dying pairs—in a 
prototypical OHIP, MAPbI3. Because this distance is expected 
to be on the same order of the lattice constant, the hydrogenic 
model would be appropriate to describe the dying pairs. We 
denote the binding energy of the dying pair as B and it can 
be expressed as B = mr(Ke2/ε�)2/2. Here K = (4πε0)

−1, ε0 
is permittivity in free space. mr is the reduced mass of the 
dying pair and ε is the dielectric constant. By definition, the 
dying pair must be stable against thermal dissociation, forma­
tion of an exciton, and formation of two polarons. Therefore 
its binding energy must be greater than the thermal energy 
kBT , exciton binding energy Eex and formation free energy 
of a polaron pair (2FP). Given the fact that only a few ions 
are within the critical distance, the ionic contribution to the 
dielectric screening can be neglected. As a result, the effec­
tive Coulomb attraction Veh between the electron and hole of 
the dying pair can be approximated as Veh = Vbare

eh /ε∞, where 
ε∞ is the dielectric constant from the bound electrons and 
Vbare

eh = −Ke2/deh is the bare Coulomb interaction. Here deh 
is the distance between the electron and hole.

The effective mass of a quasi-particle is determined by its 
interaction with other particles in its vicinity. For the electron 
and the hole in a dying pair, the dominant interaction is the 
Coulomb attraction between them owing to their close dis­
tance. This interaction is much stronger than that between 
the electron (or the hole) with the nuclei. Thus, the effect of 
the band structure on the dying pair can be ignored, and the 
effective mass of the electron (and hole) in the dying pair 
can be approximated by that of a bare electron, m. In other 
words, for the mobile dying pair, we have mm

r = m/2 and the 
binding energy Bm = m(Ke2/ε∞�)2/4, and for the immo­
bile pair, mi

r = m and Bi = 2Bm. The critical distance of the 
mobile dying pair can be calculated as Lm = 2ε∞�2/(mKe2), 
and for the immobile pair, Li = Lm/2. In MAPbI3, ε∞ = 6.5 
[34], thus Bm  =162 meV, Lm = 6.8 Å  , and Li = 3.4 Å  . The 
exciton binding energy of MAPbI 3 is between 16–50 meV 
[33] and the maximum formation free energy of large polaron 
pairs is about 140 meV at T  =  0 K and 124 meV at T  =  300 K 
[7], both less than Bm and Bi. Therefore, we can establish the 
stability of the dying pairs whose critical distances are in the 
order of the lattice constant as expected.

4. The formation probability and annihilation rate  
of dying pairs

Next, we set out to estimate the recombination rate in each 
pathway via either the mobile or immobile dying pairs. To 
this end, we need to determine the annihilation rates of the 
mobile and immobile dying pairs, as well as their formation 
probability in each pathway. We first consider the annihilation 
of two free carriers, which are not necessarily a dying pair, 
and calculate their annihilation rate (or transition probability 
per unit time) w2f. These carriers can move freely in the lat­
tice and recombine with or without the assistance of phonons.  

By approximating their wave-functions with planewaves, we 
can derive w2f based on the second-order perturbation theory 
with the electron–phonon and electron–photon interactions 
treated as perturbations [26, 35, 36]:

w2f =
e2

V4πε0

ncell�2ωk

m2c3ωg
q
|εkσβk3β

ε(ωk)
|2

ng
q

[Eck+k3 − Eck1 − �ωg
q]2

|e
−iq·sκ
√

Mκ

eg
κα(q)qαzκe2

ε0q2ε(ωg
q, T)

|2,� (1)

where the repeated indices are summed over; V  is the volume 
of the sample; ncell is the number of unit cells per volume; Mκ 
and zκ are the mass and effective nuclear charge of the κth 
atomic core. sκ is the position vector of the κ th atom relative 
to the center of the primitive cell. k and ωk  are the wave vector 
and frequency of emitted photon. ε(ωk) is the dielectric con­
stant at PL frequency ωk . εkσβ is the βth Cartesian component 
of the σth polarization vector of photon. k1 is the electron 
wave vector in the conduction band, and Eck1 is the energy of 
the electron in a state |ck1〉 of the conduction band c. k3 is the 
wave vector of the hole in the valence band. q = k + k3 − k1 
is the phonon wave vector and g is the phonon branch index. 
ωg

q and ng
q are the frequency and occupation number of the 

phonon in mode |gq〉, ε(ωg
q, T) is the dielectric constant at the 

phonon frequency ωg
q. w2f should be understood as a sum over 

σ, an integration over the direction of k, and an average over 
the initial states on the right hand side of equation (1). Note 
that hydrogen-like wave functions are more appropriate than 
planewaves in estimating w2f, however, the analytic calcul­
ation becomes much more cumbersome [37]. One can show 
that the relative error of the planewave approximation is 
∼ (Lm|k3|)2 [38], which is insignificant for carriers near the 
band extremes who have small momentums. For the annihila­
tion of a free electron and a free hole, equation (1) is appli­
cable to both direct and indirect transitions, and it will be used 
to calculate the recombination rate for the pathways (ii)–(iv).

For a direct band gap material, phonon assistance is not 
necessary for radiative recombination. In this case, q = 0 and 
w2f becomes wd

2f [26] defined below:

wd
2f =

e2

V4πε0

2�ωk

m2c3 |
εkσβk3β

ε(ωk)
|2.� (2)

For the annihilation of a free electron and a free hole, equa­
tion (2) will be used to estimate the ratio between the annihi­
lation rate of an indirect transition and of a direct transition.

The recombination rate of the pathway (i) equals to the 
product of the formation probability of the mobile dying 
pair in a collision between two free carriers and the annihi­
lation probability per unit time of the corresponding mobile 
dying pair. Noticing that in the collision of two free carriers, 
the annihilation takes place primarily for those wave-packets 
with deh < Lm, i.e. through a mobile dying pair. In other 
words, the recombination rate w2f of the pathway (i) approxi­
mately equals to the annihilation rate of a mobile dying pair. 
Therefore, in the pathway (i), the formation probability of the 
dying pair is roughly unity; we can approximate the annihila­
tion rate of the mobile dying pair by w2f.

J. Phys.: Condens. Matter 31 (2019) 165701
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In the pathway (ii), two carriers are bound as an exciton. 
In this case, we can approximate the formation probability 
of the mobile dying pair as V|ψ(0)|2, where ψ(0) repre­
sents the wave-function of the electron at the position of the 
hole [39]. According to the hydrogenic model of excitons, 
|ψ(0)|2 = (πr3

ex)
−1, where rex = �(2mexEex)

−1/2 is the radius 
of the exciton; mex is the reduced mass of the electron and 
hole pair. Thus, the recombination rate in the pathway (ii) is 
wex   =Vw2f/(πr3

ex).
The pathway (iii) involves the collision between a free 

carrier and a large polaron. To annihilate via this process, 
the electron (or hole) of the polaron must first break free 
from the surrounding lattice, facilitated by thermal activa­
tion or quantum tunneling. In this case, the free carrier and 
the polaron are in a bound state, and can be described by 
hydrogen-like wave-functions. The tunneling probability is 
the greatest if the free carrier is in contact with the polaron, 
i.e. the electron–hole distance is the radius of the polaron, 
RP. Under this condition, the static Coulomb energy between 
them is E′

con = Ke2[RPε(0, T)]−1, where ε(0, T) is the static 
dielectric function at temperature T. In contrast, the dynamic 
dielectric functions were used in equation (1). For electron–
photon interaction, one requires dynamic dielectric function 
ε(ωk) defined at the PL frequency of ωk . For electron–phonon 
interaction, one needs ε(ωg

q) defined at the phonon frequency 
ωg

q. Thus the probability of forming this contacting configura­
tion is p′

con = (eE′
con/kBT − 1)/(eE′

con/kBT + 1). By means of the 
molecular orbital theory, we can derive the probability (P′

tun) 
of an electron from the polaron tunneling to the nearby hole 
as:

P′
tun =

RP

Lm
[

2Ke2

RP(Bm − EP)ε
]2e−RP/Lm ,� (3)

where EP is the formation energy of the polaron. Hence the 
formation probability of the mobile dying pair via tunneling 
is P′

tunp′con. The same electron in polaron can also escape from 
the surrounding lattice distortion via thermal activation, and 
the formation probability of the dying pair by thermal acti­
vation is e−FP/kBT [1 + e−FP/kBT ]−1, where FP is the formation 
free energy of the polaron. Note that we have made distinction 
between the formation energy and formation free energy of 
large polarons [7].

Super radiance transitions have been observed in halide 
perovskites and are important in charge recombination  
[40–42]. The transition moments of the mobile dying pairs 
formed by the tunneling are coherent [43, 44], while the trans­
ition moments of the dying pairs formed by the thermal acti­
vation are not coherent. Thus, the recombination rate wPf  for 
the pathway (iii) is:

wPf = [P′
tunp′conP′

cohC′ +
e−FP/kBT

1 + e−FP/kBT ]w2f,� (4)

where P′
coh  and C′ are two quantities related to the coherent 

transitions and their expressions are given in the supplemental 
material (stacks.iop.org/JPhysCM/31/165701/mmedia).

Similarly, one can find the recombination rate along the 
pathway (iv) involving the collision of two polarons. The 

attraction energy Econ  between two contacting polarons is 
Econ = Ke2[2RPε(0, T)]−1. At temperature T, the contact 
probability is pcon = (eEcon/kBT − 1)/(eEcon/kBT + 1). The tun­
neling probability Ptun is:

Ptun =
4e−2RP/Lm

LmRP

(Ke2/ε)2

[Bm − EP]2
.� (5)

The formation probability of mobile dying pair through 
thermal activation is given by e−2FP/kBT [1 + e−2FP/kBT ]. Thus 
the recombination rate along the pathway (iv) is:

w2P = [PtunpconPcohC +
e−2FP/kBT

1 + e−2FP/kBT ]w2f.� (6)

The expressions of Pcoh  and C are given in the supplemental 
material.

In figure 4, p′
con(T) and pcon(T) are plotted for MAPbI3. 

In the calculations, RP  =28 Å  [7], ε(0, T) is taken from [21]. 
One can see that the contact probability p′

con(T) between a 
free carrier and a polaron and the contact probability pcon(T) 
between two polarons decrease significantly with temperature, 
thus the tunneling and coherent radiation are only important 
below 150K.

We next turn to the immobile dying pair which is present 
in the pathways (v) and (vi). Let us first consider the annihila­
tion between a free electron (or hole) and a trapped hole (or 
electron). To make the problem tractable, we approximate the 

wave-function of the trapped hole as χh = π−1/2a−3/2
0 e−r/a0, 

where a0 = 4πε0ε∞�2/(mzte2) is the Bohr radius of the hole, 
and zt is the effective nuclear charge of the trap. We can show 
that the annihilation rate wft between the free electron and the 
trapped hole is [37, 39]:

wft =
�ωe2

V2πm2c3ε0
|
∫

d3k2

(2π)3

ik2β

π1/2a3/2
0

2
a0[(

1
a0
)2 + k2

2]
2

zte2

(Eck2 − Eck1)ε∞ε0|k2 − k1|2
|2,� (7)

where k1 is the wave vector of the free electron, and ω  is 
the photon frequency. Here wft should be understood as an 
average over various initial states on the right hand side of 
equation (7). Similar to the mobile dying pair, we can take wft 
as the annihilation rate for the immobile dying pair.
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Figure 4.  The contact probability p′
con(T) between a free carrier and 

a polaron (solid line) and the contact probability pcon(T) between 
two polarons in MAPbI3. Parameters used in the calculations include 
RP = 28.3 Å taken from [7] and ε(0, T) taken from figure 3 of [21] 
and extrapolated to below 50K and above 345 K.
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Finally, we consider the pathway (vi) involving the col­
lision between a free polaron and a trapped carrier. In the col­
lision of electron (hole) polaron with a trapped hole (electron), 
the electron (or hole) could escape from the surrounding lat­
tice through tunneling to a close range of the trapped hole 
(electron). Neglecting the existence of trapping center, the 
contact probability between a polaron and a trapped carrier 
is determined by p′

con, the tunneling probability of electron 
(hole) from surrounding lattice is P′

tun . The escape of electron 
(hole) from electronic (hole) polaron can also occur by thermal 
activation, the formation probability of immobile dying pair 
through thermal activation is e−FP/kBT [1 + e−FP/kBT ]−1. Thus, 
the recombination rate along pathway (vi) is

wPt = (P′
tunp′con +

e−FP/kBT

1 + e−FP/kBT )wft.� (8)

For MAPbI3, the relevant materials parameters EP = 70 meV, 
FP = 40–70 meV [7], Etra = 0.2 eV [32]. ε(0, T) is taken from 
[21]. Lm and Bm are obtained earlier. Using these parameters, 
and equations (4), (6) and (8), we find that the recombination 
rates of the polarons (wPf , w2P, wPt) are 2–3 orders of magni­
tude slower than those of free carriers (w2f, wft).

Assuming all photo-generated carriers existed as free car­
riers, the slow charge recombination in OIHPs has also been 
explained by the formation of an indirect band gap originated 
from the spin–orbit coupling [45–49] and/or ionic lattice dist­
ortion [50, 51]. Let q denote the relative shift between the 
bottom of the conduction band and the top of the valence 
band in the reciprocal space, and it has been shown that  
|q| < 0.1 Å  � π/a [45–51]. Using equations  (1) and (2), 
one can estimate that w2f/wd

2f ≈ 0.1–0.3. This suggests if the 
charge carriers are ‘free’ electrons and holes as opposed to 
large polarons, their recombination rates would be slowed 
down by a factor of 3–10, owing to the shift of the band gap. 
This factor is much smaller than that (102–103) induced by the 
formation of large polarons.

5.  Monomolecular and bimolecular  
recombination rates

As an important tool to examine light-matter interactions, PL is 
widely used to characterize radiative recombination in OIHPs. 
Charge recombination in a semiconductor can be described 

by the following equation: dne/dt = −k1ne − k2n2
e − k3n3

e  
[52, 53], where ne is the electron density; k1 is the monomo­
lecular charge recombination rate, k2 is the bimolecular charge 
recombination rate and k3 is the Auger charge recombination 
rate. Since Auger recombination is generally much weaker 
compared to the other two at the normal operating conditions, 
here we focus on k1 and k2. According to our theory, the fol­
lowing one-body pathways contribute to the monomolecular 
recombination rate k1: (ii) annihilation of electron and hole 
of an exciton; (v) annihilation of a free carrier and a trapped 
carrier, and (vi) annihilation of a polaron and a trapped carrier. 
Hence we have

k1 = pexwex + 2pft(Vntwft) + 2pPt(VntwPt),� (9)

where nt is the density of the traps. The bimolecular recombi­
nation rate k2 consists of following contributions: annihilation 
between two free carriers (i), between two polarons (iv), and 
between a free carrier and a polaron (iii). Thus we have

k2 = p2P(Vw2P) + 2pPf(VwPf) + p2f(Vw2f).� (10)

To validate our microscopic theory, we apply equations (9) 
and (10) to calculate k1 and k2 of MAPbI3 for which many 
experimental results are available. Here we take the following 
materials parameters from experiments although some of 
them can also be calculated from first-principles. More spe­
cifically, EP = 70 meV [7], rex = 49 Å , mex = 0.1 m [33], 
zt = 1, nt = 3 × 1010 cm−3 [30]. The dielectric function 
ε(0, T) is measured for 50 K  <T  <  345 K [21], while k1 and 
k2 are measured for 8 K  <T  <  370 K [52]. We extrapolate the 
experimental ε(0, T) value to below 50 K and above 345 K.

In figure 5(a), three contributions to k1 are plotted. At low 
temperature, the percentages of excitons and free carriers are 
very small (see figure 1), and polarons are dominant carriers. 
Therefore below 150 K, the small monomolecular annihila­
tion rate comes from the immobile dying pairs formed through 
tunneling in the collisions of polarons and trapped carriers 
(pathway (vi)); the pathways (ii) and (v) make no appreciable 
contribution to k1. Above 150 K, all three pathways (ii), (v) 
and (vi) have significant contributions.

In figure  6, three contributions to k2 are plotted. Below 
150K, the annihilation between two polarons (pathway (iv)) 
is the most important. Above 150 K, the pathways (iii) and 
(i) are more important. The sudden increase of the dielectric 
function ε(0, T) around 150 K [21] leads to a drastic decrease 
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Figure 5.  (a) Three contributions to k1: exciton (squares), free carrier-trapped carrier (crosses) and polaron-trapped carrier (pentagons);  
(b) comparison of measured k1 (pentagons) [52] with equation (9). The small nonzero values of k1 below 150 K come from the  
annihilation between polaron and trapped carrier.
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in the contact probabilities pcon(T) and p′
con(T), consequently, 

an abrupt decrease of the annihilation rates in the pathways 
(iv) and (iii).

Since the experiment of Milot et al [52] is the only one that 
systematically measured k1 and k2 as a function of temper­
ature, to the best of our knowledge, we compare our theor­
etical values to their experimental data in figure 5(b) for k1 and 
figure 7 for Log10(k2), where w2f and wft are used as two fitting 
parameters. Generally, there are good agreements between the 
theory and the experiment for a wide range of temperatures. 
However, some discrepancies are evident, specially around the 
two known structural phase transitions at 155 K and 330 K.  
The theory reproduces the general experimental trends that 
k1 increases monotonically while k2 decreases first and then 
increases with increasing temperature.

The apparent discrepancies between the theory and exper­
imental values of k2 around 310 K may be attributed to strong 
ferroelectric fluctuation [54, 55] which could separate the 
positive and negative charges across the domains, leading 
to a sharp decrease of k2 around 310 K. On the other hand, 
the sudden rise of k2 at 310 K may be due to the fact that at 
higher temperatures, the electrons are too fast for the lattice 
deformation to follow [7, 56], and thus the carriers can escape 
from the surrounding lattice without resorting to tunneling or 
thermal activation. In the present framework, we did not take 
into account this mechanism.

6.  Peak and width of PL spectra

We can estimate the PL peak frequency (ωPL) as a function of 
the incident flux I and temperature T. According to the polaron 
theory [20], the formation energy EP of a large polaron is 
determined by

EP(T) =
V2

L

4Te
,� (11)

where

Te =
�2

2mr2
� (12)

is the kinetic energy of an electron in the conduction band, m 
is the mass of electron.

VL(T) =
1

4πε0

e2

2
[

1
ε∞

− 1
ε(0, T)

]
1
r

,� (13)

is the coupling between the electron and the optical phonon, 
r is the characteristic length which the electron wave- 
function changes significantly. For CH3NH3PbI3 lattice con­
stant a  =  6.3 ̊A  [57], ε(0, 300 K) = 70, and ε∞ = 6.5 [34]. If 
we take r as the Pb–I bond length ~3 Å  , then Te ∼ 0.42 eV,  
VL ∼ 0.33 eV, EP(300 K) ∼ 66.6 meV. From EP(T), one can 
calculate the formation free energy FP(T) of polaron [7].

Since large polarons are dominant carriers in OIHPs 
under normal conditions, the PL spectrum is primarily 
determined by polaron recombination. Thus, ωPL can be 
approximated by the energy difference between an EP and 
a HP, which have the highest density of states. Specifically, 
the most populated EP energy level can be written as 
cb + g − FP(T), where cb is the bottom of the conduction 
band. g is the chemical potential of polaron gas at temper­
ature T, given by g = εF[1 − (πkBT/2εF)

2/3]. εF is the Fermi 
energy of the polaron gas and εF = �2(3π2ne)

2/3/2mP. Here 
ne = Iφ[ε(ω)]1/2/c is the number density of incident pho­
tons, ω  is the excitation frequency, c is the speed of light in 
vacuum, I is the incident photon flux [31]. We assume the 
quantum yield efficiency φ = 1 [31], ε(ω) ≈ 6.5 [34], then 
ne is the concentration of photon-generated electrons. Since 
the percentage of polarons is much larger than that of exci­
tons and free carriers, ne is approximately the concentration 
of polarons. Similarly, the most populated HP energy level 
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Figure 6.  (a) Contribution to k2 from the annihilation of two polarons (squares). (b) Contributions to k2 from the annihilation of polaron-
free carrier (crosses), and the annihilation of free electron and free hole (pentagons).
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can be written as vt − g + FP(T), with vt being the top of the 
valence band. Therefore, we arrive at

�ωPL(T) = (cb − vt)− 2FP(T)

+ 2εF[1 − 1
3
(
πkBT
2εF

)2].� (14)

In figure 8(a), we plot ωPL(I) as a function of incident light 
flux I for MAPbI3, which is measured at room temperature 
T  =  300 K. For MAPbI3, mP = 4.1 m [7] and ε(ω) = 6.5 
[34]. The agreement with the experimental data is very good. 
Furthermore, temperature dependence of ωPL(T) has also 
been reported for MAPbI3 [48, 52, 58]. The two solid lines in 
figure 8(b) are computed for ne = 1017 cm−3. Once again, our 
theoretical calculations compare very well to the experimental 
measurements, as shown in figure  8(b). The upper curve is 
for the low temperature orthorhombic phase while the lower 
curve is for the higher temperature tetragonal phase. The two 
curves do not correspond to different flux.

Although polarons are dominant carriers in OIHPs, a 
model based on free carriers [60–62] yielded excellent fits to 
the experimental line width. In fact, the model appeared to 
work very well for four different halide perovskites [62]. This 
apparent contradiction can be explained by our theory. It is 
known that the line width of a PL spectrum is determined by 
the energy uncertainty of the recombination processes. Along 
each of the recombination pathways, the electron and hole of 
a dying pair are no longer confined by its surrounding lat­
tice. According to the annihilation rate w2f, we find that the 
recombination time of the mobile dying pair is in the order of 
10−9 s, which is much larger than the timescale (∼10−13 s) of 
absorbing and emitting LO phonons [6, 63]. In other words, 
the coupling of the ‘free’ electron (or hole) with LO phonons 
is the dominant process for determining the line width.

The polaron pairs do not directly lead to the PL spectrum, 
but rather proceed via the formation of the mobile dying pairs. 
In other words, the PL peak width is entirely determined by 
the contribution of the mobile dying pairs. In the normal oper­
ation condition, the concentration of photo-generated carriers 
is in the range of 1013–1018 cm−3. Because the concentration 
of traps is small: nt = 3 × 1010 cm−3 [30], and the percent­
ages of excitons and of free carriers are much smaller than 
that of polarons (see figure 1), one can see from equations (9) 

and (10) that the rate of the monomolecular recombination 
is much slower than the rate of the bimolecular recombina­
tion. Thus, the PL mainly comes from the bimolecular recom­
bination [52, 62]. All three pathways (i), (iii) and (iv) for k2 
pass through the mobile dying pairs. The line width of PL 
spectrum is determined by the interaction of ‘free’ electron 
(or hole) in the mobile dying pairs with LO phonons; this is 
consistent with the previous model [60–62] which calculated 
the PL line width based on the interaction of free carriers with 
LO phonons.

7.  Conclusion

In conclusion, we proposed a microscopic theory for radia­
tive recombination of large polarons in OIHPs. Six relevant 
recombination pathways are identified and their statistical 
weights are estimated for MAPbI3. Radiative recombina­
tion proceeds via dying pairs along each pathway. There are 
two types of dying pairs—mobile and immobile—which are 
responsible for charge recombination. The formation proba­
bility of the dying pair along each pathway can be determined 
and the annihilation rate of each dying pair can be estimated. 
The product of the formation probability and the annihilate 
rate gives rise to the recombination rate along each pathway 
and the weighted sum of the recombination rates yields the 
overall rate of radiative recombination in OIHPs. Applying the 
theory to MAPbI3, we can evaluate the monomolecular and 
bimolecular recombination rates, k1 and k2 of PL spectrum as 
a function of temperature, and its peak frequency as a func­
tion of incident light flux and temperature. In general, good 
agreements between the theory and experiments are obtained, 
providing a validation of the theory. Finally, we explain why 
a simple model based on free electrons and holes could be 
sufficient to reproduce the experimental PL line width. Our 
work elucidates the microscopic mechanism by which large 
polarons recombine in OIHPs via the formation of the dying 
pairs assisted by thermal activation and quantum tunneling.
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Figure 8.  (a) PL peak frequency ωPL of MAPbI3 as a function of the incident flux I: the experimental data (cross) is taken from [59] and the 
solid line is calculated from equation (14). To simplify the calculation we take φ = 1 for all incident flux. (b) ωPL of MAPbI3 as a function 
of temperature: the solid lines are calculated from equation (14) and the experimental values (circles) are taken from [52], and (diamonds) 
taken from [48]. The upper curve is for low temperature orthorhombic phase and the lower curve is for higher temperature tetragonal phase.
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